BcpCAL, the homologous gene of CAL, was isolated from Chinese cabbage. Unlike BobCAL of cauliflower, BcpCAL did not hold the terminating mutatzion in the fifth exon. After crosses of cauliflower with Chinese cabbage, the resultant hybrids failed to form curd, which implicates the genetic complement of BcpCAL to the mutated BobCAL in the function of curd formation. One of CAL gene isolated from the hybrid apparently comes from the female parent (Chinese cabbage) even though there are a few of the bases substituted and deleted. The result offers the molecular and genetic evidences for the study of biological function of CAL in morphological genetics of curd.
INTRODUCTION
The control of the transition from vegetative to reproductive development is being extensively studied in Arabidopsis thaliana. Genes determining the fate of lateral meristem initiated at the inflorescence meristem as floral meristem include CAULFLOWER (CAL), APETALA1 (AP1) and LEAFY (LFY) [1] [2] [3] . The predominant effect of mutations at the LEAFY locus or AP1 locus is to cause a large proportion of the lateral structures that ordinarily develop as flowers to be converted into inflorescence branches, or inter-* The nucleotide sequence data reported in this paper will appear in DDBJ/EMBL/GenBank Nucleotide Sequence Database under the accession number:AJ251300. ** Corresponding author. Fax: 086-021-64042090; E-mail: heyk@iris.sipp.ac.cn mediate structures with characteristics of both flowers and branches [4, 5] . When the ap1 mutation is combined with mutations in cal, cells that would normally constitute a floral meristem behave as an inflorescence meristem, giving rise to additional meristems in a spiral phylotaxy [3] (Bowmen, 1993). The resulting cauliflower phenotype has an extensive proliferation of meristems at each position. Genetic and molecular analyses reveal that the developmental function of CAL is partially redundant to AP1. It has been suggested that the molecular basis for the inflorescence structure in cauliflower (Brassica oleracea var. botrytis), which is similar to the cauliflower phenotype in Arabidopsis, is in part due to a stop codon mutation in the fifth exon5 of BobCAL gene [6] . To extend the knowledge of floral development further, we have focused on CAL genes and other related genes in Brassica species. Brassica is a complex species containing many varieties with grossly different phenotypes, including broccoli, cauliflower, Brussels sprouts, kale, cabbage and Chinese cabbage. Cauliflower phenotype produces an arrested development stage between the vegetative and floral differentiation, i. e. the characteristic edible white curd, while in broccoli phenotype development arrests at the later stage of immature floral buds.
In contrast, cabbage and Chinese cabbage phenotype produce leafy head that is a typical vegetative structure at the stage when curd appears in the case of cauliflower phenotype. Only after a vernalization period, plants begin to bolt and floral development ensues. Therefore, curd and leafy head become two special organs for investigating the difference between vegetative, inflorescence and floral meristems in which CAL, LFY and AP1 genes play a regulatory role. In order to correlate differences between cauliflower and Chinese cabbage in the formation of curd or leafy head, we have cloned and characterized the homolog of CAL genes from Chinese cabbage and F1 generation between Chinese cabbage and cauliflower.
MATERIALS AND METHODS

Plant materials and growth conditions
Seeds of cauliflower (Brassica oleracea var. botrytis) H6 and Chinese cabbage (Brassica campestris ssp. pekinensis) TT508 were obtained from our lab. Plants were grown in a greenhouse. In order to render both of the varieties to flower at the same time, Chinese cabbage seeds were sowed in July and cauliflower seeds in October. When temperature fell below 15 o C, cauliflower plants were transfer to controlled room with 18/22 o C and 16 h daylength regime. Chinese cabbage variety TT508 was designated as female parent and cauliflower variety H6 as male parent. The flowers of Chinese cabbage were emasculated at flower bud stage and pollinated with pollens of cauliflower. In order to get seeds of such interspecific hybridization, the embryo rescue was performed. The ovaries were cut from female plants seven days after pollination and cutured on medium under aseptic conditions. The seeds were harvested when they were fully matured. The plants of F1 generation were prepared as above-mentioned for Chinese cabbage.
Isolation of the BcpCAL gene
Genomic DNA of Chinese cabbage was prepared from 2-week-old plants according to the method described by Porebski [7] . More than six pairs of degenerated primers that specify the character of CAL gene were designed according to the published sequences of AtCAL (A. thaliania), B o CAL (cabbage) [6] , BoiCAL (broccoli) [8] and PCR was performed to amplify two overlapping DNA fragments, covering the entire coding region of the CAL gene. Three pairs of primers were used to produce DNA upstream fragment of while other three pairs of primers to get the downstream fragment. PCR conditions were as follows: 94 o C for 1 min, followed by 35 cycles of 94 o C for 1.5 min, 60 o C for 1 min, and 72 o C for 1.5 min. A TAQ: Pfu polymerase mixture (Stratagene) was used to minimize nucleotide misincorporation. The PCR products recovered from low melting point gel and were filled with the Klenow Large Fragment of DNA polymerase I, and inserted in plasmid of pBluscript KS(+) that was previously digested with EcoRV.
F1 plants of Chinese cabbage crossed with cauliflower were selected for the isolation of CAL gene. The same primers and PCR procedures were used and the PCR products were cloned into pGEMT vectors.
DNA inserts of all clones were sequenced on an Applied Biosystem 373 Automated DNA Sequenser (ABI/Perkin-Elmer, Foster City, CA). The resultant sequences were evaluated using Sequencer (Geme Codes, Ann Arbor, MI) for contig assembly and sequence editing. Splice sites were determined by comparison with cDNA sequences of BobCAL [6] and BoiCAL [8] , using the software program Net Plant Gene available at internet.
RESULTS
Morphological characters of hybrids of Chinese cabbage with cauliflower
After extensive effort of pollination and embryo rescue, some seeds of hybrids of Chinese cabbage and cauliflower were obtained. The hybrids (F1 generation) grew normally either in greenhouse or in field and all produced the rosette leave like the parents. After rosette stage, folding leave were differentiated at shoot apices of Chinese cabbage resulting in leafy head, and floral development ensued only after a vernalization period (Fig 1A) , and nearly normal inflorescence appeared from the shoot apices of hybrids ( Fig  1B) , whereas meristems proliferated at shoot apices of cauliflower resulting in curd ( Fig  1C) . In other words, the hybrids did not produce curd like cauliflower.
Cloning and characterization of the BcpCAL gene
Genomic DNA derived from leaves of Chinese cabbage was used as template to amplify two overlapping fragments of CAL genes. One PCR product of 1. (Fig 2A) . Other four pairs of primers did not work very well in that they produced smearing or unclear bands. After restriction digestion, the upstream fragment of 1.3 kb and downstream fragment of 2.2 kb were sequenced. Alignment of two DNA fragments with CAL genes of Arabidopsis, cauliflower and cabbage, the homologous sequences of CAL gene in Chinese cabbage were verified. 1.3 kb fragment begins from first ATG and ends at the beginning of K region; 2.2 kb fragment starts at the sequence adjacent to K region and finishes just after stop codon. The two fragments were fitted each other, giving rise to the complete sequence of CAL gene of Chinese cabbage which is designated as BcpCAL. BcpCAL gene is highly homologous to BobCAL of cauliflower, and each spans the length of 3.5 kb and contains seven introns [6] (Fig  2A) .
The deduced cDNA sequence of BcpCAL (Fig 2B) was similar to BobCAL (90.2% identity in nucleotide). The amino acid sequence encoded by two genes embrace the very conserved MADS-box (56-amino acid-long DNA-binding domain) and the K-domain, a region with structural similarity to the coiled-coil domain in keratin [9] (Fig 3) . They are putative transcription factors postulated to interact with response elements in the promoters of their respective target genes. BobCAL protein sequence of cauliflower is truncated due to a stop codon at position +151 downstream from start codon [6] . In the putative protein sequence of BcpCAL, there is no any stop codon around +151 aa, and instead there is an insertion of three amino acids at position +212-214 (Fig 3) . Thus BcpCAL consists of 254 amino acids while BobCAL has only 151 amino acid residues. One homolog of CAL gene in hybrids of Chinese cabbage crossed with cauliflower F1 plants of Chinese cabbage crossed with cauliflower were selected for the isolation of CAL gene using the same primers and PCR procedures. And the PCR products with length similar to that of Chinese cabbage were cloned and sequenced, which were named as BcpBobCAL. This sequence was aligned to the sequences of two parents BcpCAL, BobCAL (Fig 4) . Although the sequence of BcpBobCAL is highly homologous with BcpCAL or BobCAL, it is different from either of them, but more similar to BcpCAL than BobCAL. This is evident from the data shown in Fig 4A-C (Fig 4) . Especially noticeable is the fact that there is no stop codon in exon5 of BcpCAL as that in BobCAL (Fig 3) . Therefore, the DNA sequence of BcpBobCAL apparently originates from the female parent that is Chinese cabbage. However, the substitution and deletion of base pairs which were found in the sequence indicates that DNA mutation has occurred in the interspecific hybrids of Chinese cabbage and cauliflower.
DISCUSSION
Curd formation of cauliflower is the natural event of morphological transformation from vegetative to arrested reproductive growth. Genetic studies suggest that there are one dominant and several recessive factors involved in cauliflower heading [10] , [11] . The recent result of molecular studies shows that the cauliflower phenotype (curd) is due to the lack of a functional CAL gene product [6] . However, the data pertaining to the mechanism of curd formation is limited and more evidences are needed to verify this morphological event from other species of Brassica.
Chinese cabbage, another member of Brassica genus, has the similar pattern of vegetative growth, but it produces leafy head instead of curd after rosette stage. Comparison of the sequence of BcpCAL to that of BobCAL makes it clear that two sequences are identical except the single base substitution at the position of +151 in BobCAL of cauliflower which may cause the functional loss or malfunction of CAL gene. This is in line with the suggested hypothesis of curd formation upon the loss-of -function [6] .
The hybrids of Chinese cabbage and cauliflower failed to form curd, demonstrating that cauliflower phenotype is recessive. Since chromosomes of both Chinese cabbage and cauliflower were introduced into the hybrid, theoretically both BcpCAL gene and BobCAL gene exist in the genome of the hybrids. This suggests that the functional factor(s) in Chinese cabbage is dominant to curd formation gene in cauliflower. If BobCAL is the main factor to interact with response elements involved in forming cauliflower phenotype, it implicates that BcpCAL can be complementary to the mutant BobCAL in the curd phenotype. The molecular analyses revealed that the sequence of BcpBobCAL in F1 hybrids which we isolated is much more similar to that of BcpCAL than BobCAL, especially there is no stop codon in fifth exon like that in BcpCAL, a fact which suggests that BcpBobCAL comes from BcpCAL. These data indicate that one of CAL homolog in hybrids isolated by us comes from maternal gene, but the progress of crossing may change the molecular sequence. In addition, most molecular variation are localized in introns of which the function is not known.
On the other hand, cauliflower genes can be complementary to the genes modifying leafy head phenotype in Chinese cabbage. It is generally known that much of plant development occurs through the reiterative production of organ primordia at the shoot apical meristem (SAM) and the developmental fate of primordia initiated at the SAM is controlled by environmental and endogenous signals [14] , [15] . Both structures of leafy head and curd could result from the proliferation of lateral primordia, in which if the primordium enters into the fate of leave program becoming leafy head like that in Chinese cabbage, and if it arrests at the developmental stage between the vegetative form and floral differentiation giving bumpy white curd like that in cauliflower. In addition, both structures are due to the lack of internode elongation. So genes involved in controlling the formation of curd and leafy head include not only the meristem identity genes such as LFY, AP1 and CAL, but also the genes controlling internode elongation and lateral meristem number which are not yet known. It has been suggested that mutant CAL alleles are associated with an increase in the number of axillary inflorescence [3] . So how CAL gene functions in the development of Brassicae species and what is its upstream and downstream genes of this control point need to be further studied and elaborated. Generally, in hybrids, the normal expression of BcpCAL gene could complement the lost function of BobCAL gene, leading to the recessiveness of cauliflower phenotype.
It should be noticed that the base substitution and deletion happen in the genomic sequence of BcpBobCAL gene deriving from BcpCAL gene of Chinese cabbage. Apparently, there is DNA mutation in genome of the hybrids that is not clear about how and when it will happen. It is also not clear whether such limited mutation may change the expression level or biological function of CAL gene. However the way in which CAL gene takes mutation may throw light in evolutionary event.
In Arabidopsis, double mutations of CAL and AP1 genes cause the cauliflower phenotype [3] , [12] , [13] . We found that cauliflower, upon breaking arrest, produce typical cruciform flowers which do not display any homeotic transformation as in the double mutants of Arabidopsis with cal and ap1. genes. These results suggest that the progress of curd formation of our hybrids may be different from that of the heading phenotype in double mutant of Arabidopsis.
